D endritic cells (DC)
3 are the most potent APCs. Immature DC reside in peripheral tissues and effectively capture and process native protein Ag and migrate to peripheral lymphoid organs. A maturation process, characterized by IL-12 production and the up-regulation of MHC and costimulatory molecules, is critical for initiation of primary T cell response (1) (2) (3) . This maturation is driven by inflammatory cytokines, such as TNF-␣, or bacterial products, such as lipopolysaccharide (LPS), encountered in peripheral organs (4) . LPS, a constituent of the outer membrane of the cell wall of Gram-negative bacteria, is a complex glycolipid composed of a hydrophilic polysaccharide portion and a hydrophobic domain known as lipid A (5) . Recent studies (6 -11) showed that CD14 associates with Toll-like receptor (TLR)2 and TLR4, which are the signaling component of LPS, and consequently triggers its cellular transduction, leading to NF-B activation and DC maturation. The adjuvant activity of bacterial products is important not only for antibacterial responses induced by peripheral DC but also for vaccine development. However, LPS is excluded because of its high toxicity, as it is one of the main causes of septic shock in humans. The adjuvant activity of LPS resides in its lipid moiety, thus lipid A derivatives and analogs have been developed. The removal of an acid labile phosphate group and normal fatty acid groups from diphosphoryl lipid A dramatically reduced the toxicity and pyrogenicity (12) . The generated monophosphoryl lipid A (MPL) has been shown to activate APC and to enhance the generation of both Th1-and Th2-specific immune response in mice (13, 14) . Its adjuvant effect may be tempting for vaccine development in humans. We tested its effect on maturation and activation of immature DC generated in vitro from adherent monocytes in the presence of GM-CSF and IL-4. Their maturation (surface molecule up-regulation and IL-12 production), their activation (calcium mobilization, mitogen-activated protein kinase (MAPK) activation, and NF-B translocation to the nucleus), and their ability to induce T cell responses have been assessed. We also explored the direct effect of MPL on T cells.
Materials and Methods

Reagents and medium
LPS from Escherichia coli serotype (0128:B12) or from Salmonella minesota were purchased from Sigma-Aldrich (Bornem, Belgium). The S. minesota LPS derivative MPL (GlaxoSmithKline, Rixensart, Belgium) was prepared as previously described (15) .
Of note, LPS preparations are unlikely to contain MPL, because extraction of this compound requires both alkaline and acid treatments following organic solvent extraction out of bacterial outer membranes.
Cells were grown in RPMI 1640 (Life Technologies, Merelbeke, Belgium) supplemented with 50 M ME, 20 g/ml gentamicin, 2 mM Lglutamine, 1% nonessential amino acids (Life Technologies), and 10% FBS (Perbio, Aalst, Belgium).
DC generation and stimulation
PBMC from healthy volunteers were isolated by density centrifugation of heparinized blood on Lymphoprep (Nycomed, Oslo, Norway), washed with HBSS, resuspended in culture medium, and allowed to adhere in culture flasks for 2 h at 37°C. Nonadherent cells were removed by extensive washes and adherent monocytes were cultured for 6 days in the presence of 500 U/ml GM-CSF (Leucomax; Schering-Plough, Kenilworth, NJ) and 800 U/ml IL-4 (Cellgenix, Freiburg, Germany). As assessed by morphology and FACS analysis for the majority of donors, the resulting cell preparation contained Ͼ95% DC. No CD14-positive cells and Ͻ2% of contaminating B cells were detected in such cell preparations. GM-CSFand IL-4-derived DC were cultured at 10 6 cells/ml in 24-well plates either in medium alone or in the presence of 1 g/ml LPS or MPL (5, 50, or 100 g/ml) for 24 h. Supernatants were analyzed for IL-12 p-40 production using ELISA kits (BioSource International, Fleurus, Belgium).
Detection of the p70 bioactive form of IL-12 was assessed by an indirect test using PBMC production of IFN-␥ as a marker of IL-12 bioactivity. Briefly, 10 6 /ml PBMC were cultured for 48 h in medium alone, MPL (100 g/ml), LPS (1 g/ml), or 1 ml of supernatant from DC treated overnight with either MPL (100 g/ml) or LPS (1 g/ml). To confirm that IFN-␥ production was IL-12 dependent, anti-IL-12 neutralizing Abs or the isotype control (BioSource International) were used at 20 g/ml to block IL-12 activity.
Immunophenotyping of DC
Monocyte-derived DC were stained using FITC-or PE-labeled mAb specific for HLA-DR, CD80, CD86, CD83 (BD Biosciences, Mountain View, CA), and CD40 (BioSource International).
Briefly, 5 ϫ 10 5 cells were incubated with the relevant mAbs or their isotype-matched controls for 20 min at 4°C and washed, and the fluorescence intensity was measured using a FACSCalibur (BD Biosciences).
T cell purification and stimulation
Serial dilutions of allogeneic DC (2 ϫ 10 4 -2 ϫ 10 3 DC/well) or autologous DC pulsed with tetanus toxoid (Calbiochem-Novabiochem, La Jolla, CA) at 1 g/ml for 2 h were stimulated with LPS (1 g/ml) or MPL (5 or 50 g/ml). CD4 ϩ CD45RA ϩ or CD4 ϩ T cells and 2 ϫ 10 5 cells were added (triplicates) respectively to DC for 5 days. Cytokine release (IFN-␥ and IL-5) was analyzed by ELISA. CD4 ϩ CD45RA ϩ or CD4 ϩ T cells were purified from PBMC using magnetic beads (Miltenyi Biotec, Auburn, CA). To get highly pure T cell preparations, CD4 T cell cell lines were established subsequent to cultures for 3 wk in the presence of 20 U/ml IL-2 (R&D Systems, Oxon, U.K.), PHA (5 g/ml; Life Technologies), and irradiated (9000 rad) allogeneic PBMC. Briefly, 10 6 /ml CD4 T cells were positively selected using Miltenyi Biotec beads (Ͼ95% purity) and stimulated weekly with irradiated PBMC (10 5 /ml) and PHA. Human rIL-2 was added twice a week in the cultures. Irradiated PBMC were removed using a Ficoll gradient (Nycomed) before each T cell stimulation.
CD40L analysis on activated T cells
OKT3 Abs (10 g/ml; Ortho Biotech, Raritan, NJ) or the isotype-matched control Ab (BioSource International) were coated in 96-well flat-bottom plates and 2 ϫ 10 5 purified T cells were cultured in triplicate in the presence of MPL (10 g/ml). After 16 h, T cells were analyzed for CD40 ligand (CD40L) expression by intracytoplasmic staining or RT-PCR. For intracytoplasmic staining, T cells were fixed, permeabilized, and stained using PE-conjugated anti-CD40L or the isotypic control (BD Biosciences) and directly analyzed by flow cytometry.
RT-PCR
Total RNA was isolated from T cells (unstimulated, OKT3, or MPL stimulated) using TRIzol reagent (Life Technologies) following the instructions of the manufacturer. cDNA was synthesized from mRNA using Moloney murine leukemia virus reverse transcriptase (Life Technologies) and the PCR amplification was performed for ␤-actin and CD40L, TLR2, and TLR 4 in 25 l of reaction mix containing Taq polymerase (Life Technologies) during 40 cycles at 95°C for 40 s, 54°C for 40 s, and 72°C for 2 min. PCR primers for CD40L were 5Ј-TACAACCAAACTTCTCCCCG and 5Ј-TAGGCAGTTAACAGGGGGTG. PCR primers for TLR2 were 5Ј-GC CAAAGTCTTGATTGATTGG and 5Ј-TTGAAGTTCTCCAGCTCCTG. PCR primers for TLR4 were 5Ј-TGGATACGTTTCCTTATAAG and 5Ј-GAAATGGAGGCACCCCTTC (Life Technologies).
Calcium mobilization assays
Human DC, CD4 T cells purified from PBMC, and CD4 T cell lines were washed in calcium/magnesium-free HBSS (Life Technologies) and incubated at 5 ϫ 10 6 cells/ml with 0.25 mM sulfinpyrazone (Sigma-Aldrich), 100 g/ml pluronic acid F-127 (Molecular Probes, Leiden, The Netherlands), and 5 M Fluo-3 (Molecular Probes). Loading was conducted at 37°C for 30 min. Cells were then washed twice in complete medium supplemented with 0.25 mM sulfinpyrazone. Loaded cells were resuspended at a final concentration of 5 ϫ 10 5 /ml. DC were stimulated with MPL (50 g/ml) or LPS at different doses (1, 5, or 50 g/ml). T cells were stimulated with anti-CD3 mAb (10 g/ml), anti-CD28 mAb (5 g/ml), and rabbit anti-mouse Igs (40 g/ml; Sigma-Aldrich) in the presence or absence of MPL. The FL1 signal for Fluo-3 was calibrated by adding calcium ionophore A23187 (10 g/ml; Calbiochem-Novabiochem) to the reaction buffer containing saturating concentrations of Ca 2ϩ to obtain the maximum signal (F max ) followed by Mg 2ϩ (MgCl 2 , 2 mM) to obtain the minimum signal (F min ). The intracellular Ca 2ϩ concentration (Ca 2ϩ i ) was calculated from the Fluo-3 fluorescence using the following equation: Ca
Immunoblot analysis
A total of 1 ϫ 10 6 /ml DC were incubated with or without LPS (10 g/ml) or MPL (100 g/ml) for 2-15 min. Cells were quickly washed twice with cold PBS and lysed in 1% Brij buffer (200 mM boric acid, 150 mM NaCl, pH 8) containing 2 mM PMSF, 5 mM EDTA, 1 mM sodium orthovanadate, and 5 mM NaF). Total cell extracts were resolved by 8% SDS-PAGE, transferred to nitrocellulose membranes (Millipore, Bedford, MA), and incubated with 1/2000 dilution of either phospho-extracellular signal-related kinase (ERK)1/2 and phospho-p38 (New England Biolabs, Leusden, The Netherlands) in 5% BSA, 1ϫ TBS, and 0.1% Tween 20 at 4°C with gentle shaking, overnight. After five washes, membranes were incubated for 1 h at room temperature in a 1/1000 dilution of HRP-conjugated anti-rabbit IgG (Amersham Life Sciences, Little Chalfont, U.K.). Blots were then washed five times and bound Abs were detected using an enzymatic chemiluminescence kit (Amersham Life Sciences). To verify equal loading, membranes were stripped of bound Ab and incubated in 1/1000 dilution Abs to total ERK1/2 and p38 (Santa Cruz Biotechnology, Santa Cruz, CA), washed, and incubated in 1/1000 HRP-conjugated anti-rabbit IgG (Amersham Life Sciences).
EMSA analysis
Cells (10 6 /ml) were stimulated with either MPL or LPS for 2 h and lysed, and nuclear extracts were harvested. Cells were washed once with 1ϫ PBS and resuspended in 400 l of buffer A (10 mM HEPES (pH 7.8), 10 mM KCl, 0.1 mM EDTA, 0.5 mM DTT, 1ϫ protease inhibitor mixture (SigmaAldrich), 0.2 mM PMSF (Roche Diagnostic Systems, Somerville, NJ), and 0.5% Triton X-100 (Sigma-Aldrich) for 10 min. Nuclei were pelleted and the cytoplasmic proteins were carefully removed. The nuclei were then resuspended in 30 l of buffer C (50 mM (pH 7.8), 420 mM KCl, 0.1 mM EDTA, 5 mM MgCl2, 10% glycerol, 0.5 mM DTT, 1ϫ protease inhibitor mixture, and 0.2 mM PMSF). Nuclei were then vortexed, incubated on ice for 20 min, and centrifuged at 4°C for 5 min. Protein concentrations were determined by Bio-Rad Protein Assay Reagent (Bio-Rad, Hercules, CA) The double-stranded consensus binding sequences for the appropriate EMSAs comprised the oligonucleotides 5Ј-AGTTGAGGGGACTTTC CCAGG-3Ј (NF-B), and mutant NF-B was created with a G3 C substitution (Santa Cruz Biotechnology). Oligonucleotides were end-labeled with [␥-32 P]ATP (Amersham Life Sciences) by using T4 polynucleotide kinase (Roche Diagnostic Systems). For the binding reaction, 5-10 g of the extract was added to a reaction mixture containing 2 g of poly(dI-dC) (Pharmacia, Roosendaal, The Netherlands), 4 l of 5ϫ binding buffer (10 mM HEPES, (pH 7.8), 50 mM KCl, 1 mM EDTA, 5 mM MgCl2, 10% glycerol), and 30000 cpm of [ 32 P]-labeled oligonucleotide in a final volume of 20 l and were incubated at room temperature for 15 min. The free and protein-bound oligonucleotides were resolved by electrophoresis on a 5% polyacrylamide gel in a 0.5ϫ Tris-borate EDTA buffer. After electrophoresis, the gel was dried and exposed to autoradiography film (Eastman Kodak, Rochester, NY).
Statistical analysis
Data from unstimulated DC were compared with MPL-or LPS-stimulated DC using unpaired (Mann-Whitney) or paired (Wilcoxon) nonparametric tests. A value of p Ͻ 0.05 was accepted as the level of significance.
Results
MPL induces maturation of human monocyte-derived DC
LPS has been described as an inducer of DC activation and maturation (4). Because MPL is a derivative of LPS we first sought to determine whether MPL also induced DC activation and maturation. DC were cultured overnight in the presence of MPL (5-100 g/ml), LPS (1 g/ml), or medium only. First, MPL was compared with LPS for its ability to up-regulate HLA-DR, costimulatory molecules such as CD80, CD86, CD40, and the activation marker CD83, on human DC. Up-regulation of DC surface markers required up to 50 -100 g/ml MPL in vitro. Compared with LPS, the induction remained heterogeneous between donors. However, for all donors tested, at least three markers of five were upregulated in response to MPL (Fig. 1) .
IL-12 production is also an important marker for DC maturation and can be used as a method for selecting Th1-inducing adjuvants. A recurrent and significant enhancement of IL-12 p-40 release was induced by high doses of MPL (Fig. 2) . However, IL-12 production remained largely below the amounts released after LPS treatment. As observed for cell surface markers, doses of MPL under 50 g/ml did not induce any significant production of IL-12 p-40. The IL-12 bioactivity was assessed by testing supernatants from unstimulated, MPL-treated, or LPS-treated DC for IL-12 (p-70)-dependent IFN-␥ induction in PBMC cultures (Table I) . LPS, and to a lesser extend MPL, induced low levels of IFN-␥ by PBMC. Supernatants from DC treated with LPS or MPL increased the IFN-␥ production by PBMC, suggesting the presence of the bioactive IL-12. Anti-IL-12 neutralizing Abs decreased this IFN-␥ release, confirming both the presence of bioactive IL-12 and its direct role in IFN-␥ induction in this culture system. Furthermore, we found that MPL, at a concentration of 100 g/ml, did not require CD14 for DC activation. Indeed, the addition of anti-CD14 Abs in MPL-treated DC cultures failed to diminish DC IL-12 release (Table II) while it inhibited IL-12 production by low doses of LPS (100 ng/ml), which are known to require CD14 to activate DC. This would suggest that MPL signaling to DC is CD14 independent at these concentrations. Together these observations indicate that LPS and its derivative MPL both induce maturation of DC in vitro.
MPL induces NF-B activation
DC maturation driven by LPS has been clearly associated to NF-B activation, which is mediated by a member of the Toll-like family of receptors. To determine whether MPL uses similar activation pathways, we monitored its ability to activate NF-B translocation into the nucleus. DC were cultured in the presence of MPL for 2 h and nuclear extracts were analyzed for NF-B content. As shown in Fig. 3A , MPL was able to induce NF-B translocation and activation. Identical results were obtained after treatment of DC with LPS. Using RT-PCR, we also found that DC express significant levels of mRNA coding for both TLR2 and TLR4 (Fig. 3B) . These data are compatible with MPL activation of DC via a TLR. As further evidence of common activation pathways, we found that cells treated with either MPL or LPS upregulated TLR2 mRNA. These treatments had no impact on TLR4 expression. These observations provide indirect evidence in favor of a common activation pathway for both LPS and MPL.
MPL induces calcium mobilization and ERK activation in DC
To determine whether other signaling pathways are activated by MPL, we monitored calcium mobilization and tyrosine phosphorylation. For calcium mobilization assays, human DC were loaded with Fluo-3 and analyzed by flow cytometry. The addition of MPL (50 g/ml) on DC induced increases in intracellular free calcium while even LPS at 50 g/ml had no impact on these cells (Fig. 4A) . LPS used at lower doses (1 or 5 g/ml) also failed to induce calcium signals (data not shown).
Phosphorylation patterns and intensities were also found to be slightly different (data not shown). Consequently, we further characterized the MAPK activation pathways involved in MPL signaling and compared them with LPS. This experiment focused on p38 and ERK1/2, which are both involved in IL-12 regulation (16). Results presented in Fig. 4B show that MPL induced a higher FIGURE 1. MPL up-regulates cell surface molecules on human DC. Monocyte-derived DC were cultured overnight in the presence of MPL (100 g/ml), LPS (1 g/ml), or medium alone, and surface markers were analyzed by flow cytometry. One representative donor of 10 is shown FIGURE 2. MPL induces IL-12 production by human DC. Human monocyte-derived DC were stimulated by LPS (1 g/ml) or MPL (5, 50, or 100 g/ml) for 24 h and IL-12 p-40 production was subsequently analyzed by ELISA. Data (mean Ϯ SD) are from 15 donors. Statistical analysis concerns unstimulated vs stimulated DC. ‫,ءء‬ p Ͻ 0.05. ERK1/2 phosphorylation at earlier time points than LPS. However, the kinetics of p-38 phosphorylation was similar for both molecules. This early activation of ERK1/2 proteins might explain why lower levels of IL-12 are induced by MPL. Preliminary results on the pretreatment of DC with PD98059, a specific inhibitor of the MAPK kinase (MKK)/ERK pathway which binds to the inactive forms of MKK1/2 and prevents their activation by upstream regulators, enhanced IL-12 production induced by MPL (data not shown). This would argue in favor of a model in which the impact of MPL on the MKK/ERK pathway leads to partial inhibition of IL-12 production.
Differences between LPS and MPL in terms of calcium response and MAPK activation pathways argue that these two molecules induce activation of DC using common as well as distinct pathways.
Enhancement of T cell activation by MPL-treated DC
In DC MPL induces activation of NF-B, up-regulates cell surface markers, and increases IL-12 production. To test whether this maturation is sufficient to promote activation of naive T cells, DC were treated with LPS or MPL. These cells were then used to activate allogeneic naive CD4 ϩ CD4RA ϩ T cells. Results presented in Fig.  5A show that MPL enhanced T cell activation induced by DC as evidenced by secretion of IFN-␥ and IL-5 in the culture supernatant. Cytokine production induced under these experimental conditions was similar to that seen following LPS treatment of DC. A similar trend was observed when we monitored the impact of MPL on DC-dependent Ag-specific CD4 T cell responses. Tetanus toxoid-pulsed DC treated with MPL significantly enhanced Ag-specific autologous T cell responses (Fig. 5B) . Furthermore, both Th1 and Th2 cytokines were increased under these experimental conditions (Fig. 5B) .
Somewhat unexpectedly, we also found that low doses of MPL (5 g/ml) that have little impact on DC maturation (see Fig. 2 ) were able to increase T cell activation in both allo-and Ag-specific stimulations (Fig. 5 ). These observations show that when used at high doses the impact of MPL can be attributed mainly to its ability to induce maturation of DC, whereas at low doses some other mechanism is likely to be critical for the enhancement of T cell activation.
MPL increases calcium mobilization of OKT3-and anti-CD28-activated T cells
As shown above, low doses of MPL (5 g/ml) are ineffective for induction of DC maturation. However, they are sufficient to induce strong T cell responses. Together these data suggested that MPL might have a direct impact on T cells. Subsequently, we analyzed the expression of TLR2 and TLR4 (Fig. 6A ) on purified CD4 T cells or established CD4 T cell lines (see Materials and Methods) as well as their calcium mobilization, which is one of the early events involved in T cell activation (17) (Fig. 6B) . Using RT-PCR, we found that resting human T cells also express TLR2 and TLR4 mRNA. Their activation by OKT3 or MPL modulated TLR4 mRNA while it had no impact on the mRNA levels of TLR2. These experiments provide evidence that the bacterial product MPL may use these receptors to act on T cell activation. Data presented in Fig. 6B show that MPL alone increased intracellular free calcium levels in CD4 T cell lines. Despite some differences in the magnitude of the calcium signal, MPL induced this response in both cell lines and peripheral T cells. In contrast, and as reported previously (18), no significant increase of intracellular calcium was observed on T cells stimulated with LPS at the concentrations FIGURE 3. MPL induces NF-B activation and modulates TLR2. A, DC were stimulated by LPS (1 g/ml) or MPL (100 g/ml) for 2 h or remained unstimulated, and nuclear extracts were analyzed for their NF-B binding activity using EMSA. To assess the specificity of the binding, 100-fold excess of cold NF-B probe or irrelevant probe was added to the LPS condition. One of three experiments is shown. B, Unstimulated DC or DC stimulated for 3 h with MPL (100 g/ml) or LPS (1 g/ml) were lysed, their total RNA was extracted, and RT-PCR was performed for TLR2 and TLR4. a PBMC (10 6 /ml) were cultured in the presence of different stimuli for 48 h and supernatants were tested for nonspecific IFN-␥ induction. LPS (1 g/ml) and to a lesser extent MPL (50 g/ml) induced IFN-␥ production by PBMC. Supernatants from DC stimulated overnight by MPL or LPS induced higher amounts of IFN-␥ ( p Ͻ 0.05). IFN-␥ production was inhibited by anti-IL-12 Abs (20 g/ml) demonstrating the presence of the bioactive form of IL-12 in the supernatants.
b Culture condition where anti-IL-12 isotype-matched controls (20 g/ml) were added to PBMC.
c Below limits of ELISA detection (39 pg/ml). d Mean Ϯ SD are from seven donors. used in our culture system. Besides, subsequent to T cell activation with OKT3 and anti-CD28 Ab, intracellular calcium increased in the presence of low doses of MPL. The impact of MPL on T cells might explain why low doses of this compound which do not induce detectable DC responses enhance T cell responses in MLR reactions.
MPL augments CD3-mediated CD40L expression by T cells
CD40-CD40L engagement on DC and T cells is known to play a key role in promoting DC maturation and T cell activation. The increase of calcium mobilization of activated T cells in the presence of MPL might act on CD40L expression on T cells (19) . Accordingly, we stimulated T cells in the presence of low doses of MPL and monitored CD40L expression using intracytoplasmic staining (Fig. 7A ) and RT-PCR (Fig. 7B ). Data presented in Fig. 7 show that treatment of purified T cells with low doses of MPL had no impact on CD40L expression. However, MPL was found to increase anti-CD3-induced expression of CD40L by T cells (Fig.   7A ). Similar results were obtained using RT-PCR, thus indicating that MPL regulation of CD40L expression occurs at the transcriptional level. Together these data show that MPL has a direct impact on activated T cells in that it enhances their CD40L expression, thus providing maturation and survival signals to DC. This observation is compatible with the observed effects of low doses of MPL on DC-dependent T cell proliferation in vitro.
Discussion
This study provides further insight into the mechanisms involved in MPL activation of human DC. Moreover, it provides experimental evidence showing a direct impact of MPL on T cells and highlights some important differences between MPL and its parental molecule, LPS. Both MPL and LPS induced strong activation of the transcription factor NF-B, which has been clearly associated to DC maturation. Accordingly, as observed with LPS, MPL induced up-regulation of surface molecules (HLA-DR, CD80, CD86, and CD83) in GM-CSF and IL-4 monocyte-derived DC. This DC response required higher doses of MPL (50 -100 g) than LPS (1 g/ml). The up-regulation of at least three markers of five tested (among them CD86) were consistently increased by MPL in all tested donors. MPL induced a recurrent and significant IL-12 p-40 production compared with unstimulated DC. The maturation induced by MPL was also sufficient for a full activation of naive CD4
ϩ CD45RA ϩ T cells by allogeneic DC treated with MPL. Moreover, DC pulsed with the soluble protein Ag, tetanus toxoid, also displayed a stronger activation of specific CD4 T cells compared with untreated DC. Both Th1 and Th2 cytokines were induced in MLR by MPL-treated human DC, in contrast to reported data, using murine DC, where MPL was described as a Th1 inducer (13) . Our experimental data support previous observations showing that under some experimental conditions MPL induces a mixed Th1/Th2 differentiation which may be optimal for induction of humoral responses (14) . Its combination with QS21 has been shown to be 1) necessary to enhance IL-12 production (20), 2) required to A, DC were loaded with Fluo-3, stimulated with MPL (50 g/ml), LPS (50 g/ml), ionomycin (A23187; 10 g/ml), or MgCl 2 , and analyzed for calcium-dependent Fluo-3 fluorescence by flow cytometry using a FACSCalibur. B, Total cell lysates of DC unstimulated (NS) or stimulated with MPL (100 g/ml) or LPS (10 g/ml) for 2, 5, 10, or 15 min were electrophoresed in 8% acrylamide gels and immunoblotted with antiphospho-ERK1/2 or anti-phospho-p38. Membranes were stripped and analyzed for equal loading using anti-total ERK and anti-total p-38 Abs. switch T cell responses induced with a soluble recombinant HIV protein from Th2 to Th1 in mice (14) , and 3) required to activate CTL to tumor-specific peptides or HSV proteins in vitro (20, 21) .
The low amounts of IL-12 produced by MPL matured DC are highly significant when compared with those produced by untreated immature DC. At the same time they are sufficient to induce an efficient activation of T cells. However, these low amounts induced by MPL (100 g/ml) might explain the mixed Th1/Th2 profile displayed by in vitro activated T cells.
The understanding of mechanisms controlling IL-12 induction by adjuvants in general and MPL in particular may contribute to improving their impact on cellular immune responses in human therapies. Our experiments show that common signaling pathways are activated by MPL and LPS, as they both induce NF-B activation and modulate TLR expression. However, at least at the doses used in our in vitro system, MPL induced rapid intracellular free calcium increases. This was not observed when the same cells were treated with comparable doses of LPS. Likewise, preliminary results indicated that LPS and MPL induced a different pattern of protein phosphorylation (data not shown), suggesting that different signaling pathways may be activated by these two molecules. The increase of intracellular calcium, which follows MPL treatment of DC, may contribute to the differences in the kinetics of mitogenactivated ERK-activating kinase/ERK activation and could explain why low amounts of IL-12 are produced using this compound. Indeed, IL-12 production by LPS-treated DC has been associated to the signaling cascade involving the activated stress kinases c-Jun N-terminal kinase and p-38 activity. In contrast, activation of the ERK pathway has been reported to decrease IL-12 production and to be preferentially induced by LPS in macrophages (16) . We found that MPL induced ERK1/2 phosphorylation with faster kinetics than LPS. In contrast, the kinetics of p-38 phosphorylation was found to be similar for both molecules.
Based on current understanding of IL-12 regulation, rapid ERK1/2 phosphorylation induced by high doses of MPL could well contribute to decreasing IL-12 production. In support of this, pretreatment of DC with PD98059, which binds to the inactive forms of MKK1/2 and prevents their activation by upstream regulators, enhanced IL-12 production induced by MPL (data not shown). These results suggest that MPL should be associated with other adjuvants which act on IL-12 induction to improve the Th profile of the cellular immune response.
Low doses of MPL were ineffective at inducing DC maturation, while they were sufficient to induce a strong T cell activation in MLR. This observation suggests a direct effect of MPL on T cells. TLR2 and TLR4 expression by T cells (22) and the ability of LPS to induce T cell proliferation (23) support the notion that bacterial compounds or their derivatives can act directly on T cells. In this study we have also detected TLR2 and TLR4 expression in human T lymphocytes and found that MPL acts on T cells directly. In contrast to what is observed for LPS, which failed to induce high calcium signals (17) at doses which are biologically active, MPL increased intracellular free calcium in CD4 T cell lines and, to a lesser extent, in CD4 T cells purified from peripheral blood. As expected, this intracellular calcium increase had no apparent effect on T cell activation in the absence of TCR triggering. The calcium FIGURE 6. MPL increases calcium mobilization of activated T cells. A, CD4 T cells were cultured with OKT3 Ab or its isotype control in the presence or absence of MPL for 2 h and TLR2 and TLR4 mRNA levels were analyzed using and RT-PCR. B, CD4 T cell lines were loaded with Fluo-3 and either stimulated with MPL (50 g/ml), ionomycin (A23187; 10 g/ml), or MgCl 2 , or stimulated with OKT3, anti-CD28, and rabbit anti-mouse Abs in the presence or absence of MPL. Calcium mobilization over time (sec) was analyzed by flow cytometry. mobilization subsequent to OKT3 and anti-CD28 stimulation was also enhanced, indicating a direct contribution of MPL to T cell activation and suggested an effect on CD40L expression by T cells. MPL alone had no effect on CD40L expression on resting T cells. Rather, TCR engagement was required for CD40L expression and MPL further enhanced CD40L T cell surface expression levels. These elements support a model where low doses of MPL may act first on T cells by increasing their intracellular calcium and cell surface CD40L expression when stimulated by immature DC in MLR. In this case, CD40L-CD40 interaction would induce maturation of DC. This model could explain why low doses of MPL enhance T cell activation in MLR. A high dose of MPL is required for DC activation, while only low doses are sufficient to act on T cells. This discordance might be related to a different signaling threshold between both subsets, because DC were directly stimulated by MPL, whereas T cells were activated trough TCR and CD28 molecules and MPL was only a coactivation molecule.
Together, our data show that MPL enhances T cell responses by having an impact on both DC and T cells. At high doses, MPL effects on T cell activation can be attributed to its ability to induce DC maturation, whereas at low doses of MPL effects on DCs and T lymphocytes synergize to achieve T cell activation. The T cell response induced by DC appears to be a mixture of Th1 and Th2. This is likely to be due to MPL inducing low amounts of IL-12. Thus, combinations of MPL with other compounds which increase IL-12 production should enhance human Th1 cellular immune responses.
FIGURE 7. MPL increases CD40L expression on T cells. Purified CD4
T cells were cultured with OKT3 Ab or its isotype control (unstimulated cells) with or without MPL (10 g/ml) for 16 h. A, CD40L up-regulation was performed using intracytoplasmic staining (dotted line, isotype controls; solid line, CD40L staining. B, RT-PCR performed on the same cultures confirmed CD40L increased by MPL on OKT3-activated T cells. Fibroblasts transfected with CD40L were used as internal control for specificity of the RT-PCR.
